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ABSTRACT
By combining cosmological simulations with Frontier Fields project lens models we
find that, in the most optimistic case, galaxies as faint as m ≈ 33−34 (AB magnitude
at 1.6 µm) can be detected in the Frontier Fields. Such faint galaxies are hosted by
dark matter halos of mass ∼ 109 M⊙ and dominate the ionizing photon budget over
currently observed bright galaxies, thus allowing for the first time the investigation of
the dominant reionization sources. In addition, the observed number of these galaxies
can be used to constrain the role of feedback in suppressing star formation in small
halos: for example, if galaxy formation is suppressed in halos with circular velocity
vc < 50 km s
−1, galaxies fainter than m = 31 should not be detected in the FFs.
Key words: gravitational lensing: strong –galaxies: dwarf-high redshift – cosmology:
reionization
1 INTRODUCTION
Observing high-z faint galaxies challenges the capabil-
ity of current telescopes. Among high-z objects, usually
the brightest galaxies that formed in rare, massive ha-
los are more easily detected. Nowadays, observations of
the high-z galaxy populations have reached ∼ 0.1L⋆
(Bouwens et al. 2007; Oesch et al. 2010; McLure et al. 2010;
Bouwens et al. 2010, 2011; Oesch et al. 2012; Schenker et al.
2013; Oesch et al. 2013a,b). However, it is believed that the
majority of high-z galaxies are dwarf systems which are too
faint to be detected by current telescopes (Salvaterra et al.
2011; Dayal et al. 2013). Accessing such a faint population
of early galaxies is a compelling task as known high-z galax-
ies cannot provide enough ionizing photons to complete
the reionization process and match the measured Thom-
son optical depth. It is commonly believed that faint galax-
ies are required in order to provide the missing ionizing
power (Choudhury & Ferrara 2007; Lorenzoni et al. 2011;
Jaacks et al. 2012; Bouwens et al. 2012; Finkelstein et al.
2012).
An exciting possibility to discover and study these faint
galaxies is represented by gravitational lensing by relatively
nearby clusters, that could magnify the brightness of ob-
jects behind the lens (Bouwens et al. 2009; Ota et al. 2012;
Zackrisson et al. 2012; Coe et al. 2013, 2014; Vanzella et al.
2014). A major effort along these lines is currently un-
dertaken by the HST Frontier Field (FF) project1. This
project aims to perform a photometric survey of areas be-
hind six clusters and six flanking blank fields, achieving a
detection threshold deeper than any previous such kind sur-
veys: H = 28.7 magnitude (5σ detection for point sources)
in the H band2, implying that objects fainter than m =
28.7 + 2.5 log µ, where µ is the magnification, will be de-
tected. 3 The primal observations for the cluster Abell 2744
have already been analyzed (Atek et al. 2013; Laporte et al.
2014).
In this Letter, we aim to characterize the properties of
the faint galaxy populations detectable by the FFs project,
based on the numerical simulations of Salvaterra et al.
(2011). We also investigate the possibility to use the number
counts of the lensed faint galaxies to constrain the suppres-
sion of the galaxy formation in small dark matter halos by
feedback processes.
2 FAINT GALAXY NUMBER COUNTS
The number of galaxies with intrinsic apparent magnitude
larger than m between redshift z1 and z2 observed after
1 http://www.stsci.edu/hst/campaigns/frontier-fields/
2 http://www.stsci.edu/hst/campaigns/frontier-fields/HST-Survey
3 Throughout this Letter, we use AB magnitudes; “m” denotes
the intrinsic apparent magnitude, i.e. before lensing; “H” denotes
the observed apparent magnitude, including the lensing effect.
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lensing is (Yonehara et al. 2000)
Ng(> m) =
∫ z2
z1
dz′r2
dr
dz′
∫∫
Ω
dθydθx
µ(θx, θy, z′)
∫ L(m)
L(mlim)
Φ(L′, z′)dL′,
(1)
where the integration covers the whole field of view (FOV)
Ω; L(m) is the luminosity corresponds to apparent magni-
tude m, and Φ is the luminosity function (LF) of galaxies.
mlim = Hlim + 2.5 log µ(θx, θy, z
′), while Hlim is the detec-
tion limit of the experiment. The measured number density
is the combination of the surface number density dilution (µ
in the denominator) and the brightness boost (µ in mlim).
We use the LFs obtained from the Salvaterra et al.
(2011) SPH simulations. The simulated volume has a lin-
ear (comoving) size L = 10h−1 Mpc with Np = 2 × 256
3
(dark+baryonic) particles, corresponding to a dark matter
(baryonic) particle mass of Mp = 3.62× 10
6h−1M⊙ (6.83×
105h−1M⊙); the corresponding force resolution is 2 kpc. We
refer the reader to the original paper for additional simula-
tion details. The simulated LFs match very well the observed
ones between z ∼ 5 − 10. In the following, we will always
assume that the LF is observed at a rest-frame wavelength
1.6/(1 + z) µm, while the apparent magnitude is measured
in the H-band (1.6 µm). Therefore Hlim = 28.7. From the
simulation outputs we build a Φ(L′, z′) grid and interpolate
where necessary. To correct for numerical resolution effects
plaguing very faint (MAB >∼ − 15) galaxies hosted by ha-
los with ∼ 150 dark matter particles, we use a normalized
power-law LF with slope -2 (Salvaterra et al. 2013) at this
faint part. Moreover, to account for radiative feedback ef-
fects suppressing star formation in Tvir 6 10
4 K (Xu et al.
2013), we cut the power-law LF at a magnitudeMcutAB ∼ −11
to −13.5 between z = 10− 5 at which the number of galax-
ies brighter than McutAB equals the number of halos with
Tvir > 10
4 K, taken from Sheth et al. (2001).
To compute the magnification, we use the lens models
released on the website of the FFs project4. For each lensing
cluster, six lens models are provided; the fiducial results are
based on the Bradac model. However, we have checked that
other models do not qualitatively change our conclusions.
As an example, we show the magnification map for Abell
2744 with sources located at z = 5 in Fig. 1. The FOV of
HST/WFC3 is marked by magenta lines.
We plot the number of observed galaxies fainter than
H-band intrinsic magnitude m and have 5 6 z 6 10 in the
upper panel Fig. 2. The curves give the results based on the
Bradac model, the difference between lens models is shown
by filled regions. Our discussions are based on Bradac model
hereafter. In the FFs project, it is possible to detect galaxies
as faint as m ≈ 33 − 34 (Ng >∼ 1, i.e. at least one galaxy)
behind the Abell 2744 (thin lines), or one magnitude deeper
if all the six lens clusters are considered (thick lines). About
15 such galaxies with m = 32−33 between z = 5 and z = 10
are expected behind Abell 2744, while if the survey of all
the six lenses is completed, such number increases to ∼ 80.
Of course this is the most optimistic case as galaxies are not
point sources; considering the incompleteness correction, the
actual detection depth for galaxies could be more than one
magnitude shallower (Vanzella et al. 2001). In the bottom
4 http://archive.stsci.edu/prepds/frontier/lensmodels/
Figure 1. Magnification map for the cluster Abell 2744 with
sources located at z = 5. The HST/WFC3 FOV is marked by
magenta lines.
panel of Fig. 2, we plot the number of observed galaxies in
5 6 z 6 10, and brighter than H-band observed magnitude
in the lens fields (solid) and in the blank fields (dashed).
The Abell 2744 WFC3 field area (∼ 2.3′×2.5′) contains
∼ 1.5 × 105 halos above 1.4 × 108 M⊙ in 5 < z < 10.
Among them, about 200 could be observed as galaxies with
m > 30; therefore the completeness is ∼ 0.1%. Using the
Cosmic Variance Calculator (Trenti & Stiavelli 2008)5 we
get a relative variance ∼ 10%. About 15 could be observed
as galaxies with m > 32, yielding a completeness of ∼ 0.01%
and a relative variance of ∼ 30%.
In practice, however, foreground light contamination
from the lensing cluster itself may reduce the detectabil-
ity. We estimate this effect as follows. We downloaded the
latest H-band image of Abell 2744 from the FFs website.
This image is used as the foreground map (we neglect the
fact that some light in this map is from the high-z galaxies
we are searching for, as these only fill a very small area).
The FWHM of the PSF is about 0.2′′; as a result, for a
point source and a Gaussian PSF, the central pixel contains
about 30% of the total flux (the size of each pixel is 0.06′′).
Centered on this pixel, we choose a region within a certain
radius, R, and compute the mean, 〈F 〉, and rms, σ, flux of
all pixels in this region. This point source is defined as de-
tectable in this search radius when its central flux peak is:
a) > 5σ, and b) > 〈F 〉 within this radius. We use different
values of R in the range 0.1′′ to 0.6′′; A point source is de-
fined as detectable only if it is detectable for all values of R
in this range. Assuming a point source with H = 28.7, we
mask the map areas in which such source is not detectable
(purple regions in Fig. 3). We find that 80% of the regions
with µ > 100 are not masked. For brighter sources, this frac-
tion would be even larger. Therefore we conclude that the
5 http://casa.colorado.edu/t˜renti/CosmicVariance.html
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Figure 2. Upper panel: Number of galaxies fainter than intrinsic
magnitude m detectable by the FFs project and variance due to
lens models. Bottom: Number of galaxies brighter than measured
magnitude H in the cluster (solid) and in the blank (dashed)
fields. Thin lines refer to Abell 2744; thick lines include all six
lenses.
contamination does not constitute a serious problem for the
search of ultra-faint galaxies.
3 FAINT GALAXY PROPERTIES
What are the physical properties of the high-z faint (m .
33) galaxies that will be possibly detected in the FFs? We
are particularly interested in galaxies fainter than m = 30
and therefore are non-detectable in current deepest surveys
(Oesch et al. 2013a) without lensing. The ultra-faint galax-
ies are grouped in three magnitude bins: m = 30 − 31,
Figure 3. The purple areas are regions in the Abell 2744 map
where point sources as faint as H = 28.7 (lensed apparent mag-
nitude) are non-detectable. We also show the positions where
µ > 100 in the Bradac lens model (narrow regions between the
two solid lines) for a source located at z = 5. Cyan regions cor-
respond to areas in which the magnification is greater than 100
and source/galaxy as faint as H = 28.7 can be detected.
m = 31 − 32 and m = 32 − 33, respectively. Their simu-
lated properties are discussed in the following.
The mass distribution of the host halos of these galaxies
in various magnitude bins is plotted in Fig. 4. The typical
halo mass depends on brightness, with the brighter galaxies
located in larger halos. However, even for galaxies in the 30−
31 magnitude bin, the host halo distribution peaks around
masses as small as ≈ 109.5 M⊙. At z = 5, about 10% of the
galaxies in the 32−33 magnitude bin resides in even smaller
halos, ≈ 108.5 M⊙; the corresponding virial temperature of
such halos is Tvir ≈ 1.5 × 10
4 K (assuming ionized gas),
i.e. very close to the lower boundary (104 K) of atomic-
cooling halos. Tvir >∼ 10
4 K halos should be strongly affected
by photoionization feedback which evaporates their gas and
strongly suppresses their star formation. Hence, determining
the abundance of such halos allows a precise assessment of
the importance of feedback in the early Universe. We will
come back to these implications later on.
Quite interestingly, even these small galaxies are al-
ready relatively metal enriched, as can be seen by inspect-
ing Fig. 5. At a given redshift, the difference in metallicity
trend with magnitude is not as obvious as for the host halo
mass. At z = 5, the mean ultra-faint galaxy metallicity is
∼ 0.1 Z⊙, while at z ∼ 8 it is ∼ 0.05 Z⊙. We also find that
even in such faint galaxies, there is little hope to detect the
Pop III star component, as its contribution to the H-band
luminosity is limited to only ≈1% of the host galaxies. We
have also computed the UV spectral slope, β (Lλ ∝ λ
β), of
ultra-faint galaxies. We fit this slope from the UV spectrum
between rest-frame wavelength 0.15 µm−0.30 µm. At z ∼ 5
ultra-faint galaxies (m = 30 − 33) have β ≈ −2.48 ± 0.04,
while at z ∼ 8, β ≈ −2.62 ± 0.04. The errors are the rms of
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. The mass distribution of the host halos in various
intrinsic apparent magnitude bins at redshift z = 5 (up) and
z = 8 (bottom).
Figure 5. Same as Fig. 4 but for the stellar metallicity distribu-
tion.
the data, however, considering the dispersion of the escape
fraction that is not modeled in simulations and the uncer-
tainty on the star formation mode (constant star formation
rate or instantaneous burst), the actual slope may span a
larger range.
As a caveat, results of Fig. 4 and Fig. 5 for the faintest
among the observable galaxies may be somewhat uncer-
tain due to numerical resolution effects that are difficult to
quantify at this stage. For example, Salvaterra et al. (2013)
pointed out that metallicity could be underestimated by 0.1
dex due to poor resolution.
Figure 6. Star formation rate density of ultra-faint galaxies in
various magnitude bins.
We plot the star formation rate density (SFRD) of the
ultra-faint galaxies in different magnitude bins as a function
of redshift in Fig. 6. The SFRD of galaxies withMAB >∼ −15
is calculated using the power-law extrapolation discussed
in Sec. 2 together with the SFR - MAB relation obtained
from simulations which does not vary above and below this
magnitude. In the same panel, we also plot the SFRD that
fits the observed bright (m < −17.7) galaxies for z <∼ 8
(∝ (1 + z)−3.6) and z >∼ 8 (∝ (1 + z)
−11.4) by the thin line
(Oesch et al. 2013a). The ultra-faint galaxy SFRD is about
2− 4 times that for the currently known bright galaxies at
any epoch. Thus, we are led to conclude that possibly the
FFs project could unveil for the first time galaxies that are
the major reionization sources. It might also lend further
support to the idea that the majority of star-forming galax-
ies are ultra-faint systems and are still below the detection
limit of current surveys.
4 RADIATIVE FEEDBACK EFFECTS
In Sec. 2 we have predicted the number of ultra-faint galaxies
that would be detected through gravitational lensing in the
absence of radiative feedback. However, if such faint galaxies
are either not detected or their number is much smaller than
expected, this would provide key missing information on the
suppression of star formation in small galaxies by radiative
feedback, i.e. photo-evaporation and/or heating of their gas
by the cosmic UV background radiation
As a preliminary test, we assume halos below a certain
circular velocity, vc, do not form stars. The results are plot-
ted in Fig. 7. If halos with vc < 30(50) km s
−1 are starless,
we should not observe galaxies fainter than m ≈ 33(31) in
the FFs project.
The LF slope, α, contains observational uncertainty.
Salvaterra et al. (2011) simulations predict α ∼ −2.0 even
for galaxies at z ∼ 5; however, the slope derived from ob-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 7. Number of ultra-faint galaxies expected to be observed
behind Abell 2744 (thin lines) and all six lenses (thick lines) in
case different circular velocity cuts are adopted.
servations of bright galaxies is shallower, α = −1.66 ± 0.09
at z ∼ 5 (Bouwens et al. 2007). To check if our conclusions
hold when adopting the Schechter LF that fits observations,
we plot the number of faint galaxies by using the Schechter
LF (Bouwens et al. 2014). Even in this case we confirm that
it is still possible to detect galaxies as faint as m ≈ 33− 34.
The shortage of small galaxies could also arise from
modification of the power spectrum in WDM cosmologies
(Pacucci et al. 2013). It will be possible to break this de-
generacy by future observations that directly constrain the
DM halo abundance.
5 CONCLUSIONS
In this Letter we have predicted the properties of ultra-faint
galaxies that should be detectable through the gravitational
lensing in the FFs project. Using Bradac’s FFs lens models,
we estimated that in the most optimistic case galaxies as
faint as m ≈ 33 − 34 should be detected. Most ultra-faint
galaxies (intrinsic m = 30 − 33) are located in host halos
with mass ≈ 109 M⊙, where the galaxy formation is believed
to be sensitive to the feedback. Therefore the FFs project
may provide an unique chance to directly assess the impact
of radiative feedback in the early universe for the first time.
We have also found that in 5 < z < 10, the SFRD in galaxies
betweenm = 30−33 is about 2−4 times the SFR of all high-
z bright galaxies observed so far. This implies that with FFs
we are on the verge to unveil the major sources of cosmic
reionization. Compared to bright galaxies, the abundance of
ultra-faint galaxies is very sensitive to the effects of radiative
feedback which suppresses the formation of stars in small
halos: for example, if galaxy formation is suppressed in halos
with circular velocity vc < 50 km s
−1, we should not observe
galaxies fainter than m = 31, providing a stringent test to
feedback models.
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